The angular vestibulo-ocular reXex (aVOR) has a fast pathway, which mediates compensatory eye movements, and a slow (velocity storage) pathway, which determines its low frequency characteristics and orients eye velocity toward gravity. We have proposed that motion sickness is generated through velocity storage, when its orientation vector, which lies close to the gravitational vertical, is misaligned with eye velocity during head motion. The duration of the misalignment, determined by the dominant time constant of velocity storage, causes the buildup of motion sickness. To test this hypothesis, we studied bilateral labyrinthinedefective subjects with short vestibular time constants but normal aVOR gains for their motion sickness susceptibility. Time constants and gains were taken from rotational responses. Motion sickness was generated by rolling the head while rotating, and susceptibility was assessed by the number of head movements made before reaching intolerable levels of nausea. More head movements signiWed lower motion sickness susceptibility. Labyrinthine-defective subjects made more head movements on their Wrst exposure to roll while rotating than normals (39.8 § 7.2 vs 13.7 § 5.5; P < 0.0001). Normals were tested eight times, which habituated their time constants and reduced their motion sickness susceptibility. Combining data from all subjects, there was a strong inverse relationship between time constants and number of head movements (r = 0.94), but none between motion sickness susceptibility and aVOR gains. This provides further evidence that motion sickness is generated through velocity storage, not the direct pathway, and suggests that motion sickness susceptibility can be reduced by reducing the aVOR time constant.
the plane of rotation, causing subjects to feel tumbling or pitching, disorientation, and nausea, which can Wnally result in vomiting. The number of head movements that subjects make before overwhelming nausea has been widely used as an operational deWnition of motion sickness susceptibility (Lackner and Graybiel 1994; Clément et al. 2001; Young et al. 2001; Dai et al. 2003) . A motion sickness score can also be calculated to characterize the level of motion sickness (Miller and Graybiel 1969; Hecht et al. 2001; Young et al. 2001) .
Motion sickness most probably arises in the vestibular system, since people with a loss of vestibular function do not become motion sick (Money 1972; Yates and Miller 1998; Johnson et al. 1999) and patients with partial labyrinthine lesions also have reduced motion sickness susceptibility (Johnson et al. 1999) . However, the exact vestibular mechanisms that are involved in the production of motion sickness are still unknown. It had long been thought that motion sickness is caused by a sensory conXict (Reason 1975) , but the speciWc nature and quantiWcation of the conXict that caused the motion sickness is obscure. Bles (1988) made the sensory conXict theory more speciWc: "all situations which provoke motion sickness are characterized by a condition in which the sensed vertical, as determined on the basis of integrated information from the eyes, the vestibular system, and nonvestibular proprioceptors, is at variance with the subjective vertical as predicted on the basis of previous experience". This was supported by his experimental results with Bos et al. (2002) , in which subjects were rotated around a vertical or a horizontal axis. Only horizontal axis rotation evoked motion sickness. For the Wrst time, this idea related motion sickness to the spatial vertical.
Recently, we habituated the vestibular time constant of normal subjects with repeated exposures to roll while rotating and demonstrated that velocity storage, which encodes both the spatial vertical and the temporal aspects of vestibular responses, is the critical central vestibular mechanism involved in the production of motion sickness . However, although activity, which produces motion sickness arises in the vestibular system, motion sickness is Wnally mediated through the autonomic system. Thus, it is possible that joint habituation of the autonomic system could also have contributed to the results.
We addressed the question of the relative contributions of time constant of velocity storage and extent of habituation of the autonomic system to motion sickness reduction by studying subjects with bilateral labyrinthine loss who had short vestibular time constants but normal aVOR gains and had no prior habituation experience of the VOR. Although relatively uncommon, such bilateral vestibular loss can occur after a wide range of vestibular diseases that include aminoglycoside ototoxicity, infection, bilateral acoustic neuroma, bilateral sarcoid, and bilateral damage of the vestibular end organs of unknown etiology (Baloh et al. 1989; Brandt 1999) . A prominent feature of bilateral labyrinthine damage is its insidious onset that does not involve signiWcant vertigo or nausea. Rather the presenting complaints are usually imbalance and/or oscillopsia (Baloh et al. 1989; Brandt 1999) , which would not habituate the autonomic system. A common feature of these lesions is a reduction in the high frequency aVOR gain and a reduction in the vestibular time constant (Wade et al. 1999) . The reduction in the aVOR gain tested at frequencies of 2-6 Hz, can recover to normal range over about 1 year, but the time constant and low frequency aVOR gain may never recover (Fetter and Zee 1988; Black et al. 2001; Palla and Straumann 2004; Newlands et al. 2005) .
In this study, therefore, we assumed that habituation of autonomic responses would not be present in bilateral labyrinthine defective subjects when they were Wrst exposed to roll while rotating, and postulated that there would be a similar relationship between motion sickness susceptibility and the velocity storage time constant, as in our previous study . If the aVOR gains of these bilateral labyrinthine-defective subjects had no relation to motion sickness susceptibility, it would further strengthen our previous conclusion that it was the temporal response of the velocity storage, not the high frequency component of the aVOR that was related to motion sickness.
Methods

Subjects
Ten subjects with bilateral labyrinthine lesions were selected for this study. Six subjects (4 males, 2 females, ages 30-62; S1-S6; Table 1 ) had normal aVOR gains but short aVOR time constant. Three subjects (S7-S9) with absent vestibular function, and one subject with a low aVOR gain but a normal time constant (S10) were also studied. Consistent with the Wndings of Baloh and Brandt (Baloh et al. 1989; Brandt 1999) , the major complaints of these subjects were imbalance in dimly lit conditions and visual-vestibular disorientation when in motion. All of the subjects had normal oculomotor function, and no neurological dysfunction except for the imbalance. The diagnoses in these subjects are shown in Table 1 . Before being tested, the test procedure was explained in detail, after which, subjects gave informed consent. This explanation included the stresses, "apparent" disorientation, dizziness and nausea that they might encounter during the test. The study conformed to the guidelines set by the Institutional Review Board of the Mount Sinai School of Medicine and was IRB-approved.
Test protocol
Horizontal and vertical positions of the right eye were recorded by video-oculography (ISCAN) at 60 frames/ s with an accuracy of t0.2° over §30°. The eye position data were then digitally diVerentiated and Wltered to obtain slow phase eye velocity, which was the major variable utilized in this study. An inclinometer (Seika) registered the position of the head in roll relative to gravity. The resolution of the sensor was 0.01° over §80° of tilt with a response time constant of 0.3 s.
Rotations of the chair and data acquisition were under computer control. Eye position calibrations were done in darkness while subjects watched a laser that displayed targets at visual angles of §20° horizontally and 15° upward from the mid-position. In the recordings, eye positions and slow phase eye velocities to the left and down are positive. Pre-testing was done with steps of constant velocity rotation at 138°/s in darkness (acc. 200/s 2 ), with standard warm (48°C) and cold (20°C) air caloric examinations followed by visual suppression of vestibular nystagmus, with sinusoidal ocular pursuit at 0.1 Hz (peak velocity, 15.7°/s) and 0.25 Hz (peak velocity, 40°/s), and with optokinetic stimulation at 20 and 40°/s. Subjects were also tested for gaze nystagmus and for spontaneous and positional nystagmus in darkness. This identiWed the bilateral vestibular deWcit subjects, and ensured that these subjects had no central vestibular disease and no oculomotor dysfunction. The subjects were trained to make appropriate roll head movements while they were stationary until they felt comfortable in executing the head movements. They were then seated in a standard vertical-axis rotation chair (Neurokinetics Inc. Pittsburgh) with a three-point seat belt that held their trunks Wrmly. A surveillance camera was used to monitor the subjects and chair operation throughout the experiment. The operator was in constant communication with the subjects through an intercom during the entire run. Practically, the communication served as an alerting stimulus.
The roll while rotating test paradigm has been described in detail previously . BrieXy, subjects were rotated in darkness while upright from 0 to 138°/s (Fig. 1a) , generating horizontal per-rotatory nystagmus. When the per-rotatory nystagmus had declined to approximately zero, the chair was stopped, producing post-rotatory nystagmus. The per-and post- rotatory nystagmus were utilized to establish baseline horizontal aVOR time constants and gains. The chair was then rotated in the opposite direction (Fig. 1b) . After the nystagmus had again disappeared, subjects were instructed to tilt their head 45° to the right ( Fig. 1c) and to hold it there until the nystagmus had disappeared. This usually occurred in 10-40 s. The motion sickness score was checked, and then subjects were instructed to move their head back to the upright (Fig. 1d) , and so forth. Because the adaptation and habituation acquired in one head position relative to gravity does not necessarily transfer to head positions or movements in other planes (Guedry et al. 1964; Torte et al. 1997; Yakushin et al. 2000) , we used a full cycle of four head tilts (Fig 1c-f) to avoid asymmetrical habituation. The head movements were analyzed by a sigmoidal function to ensure that each head movement was made appropriately . The time and angle of the head position in roll were displayed concurrently and the operator informed the subjects if the head movements were not executed correctly. The head was subsequently returned to the upright, tilted to the left and returned to the upright again, etc. This was continued until the subjects asked to stop because of severe motion sickness or because they had had made 50 head movements, the maximum allowed in the experimental design. The rotatory chair then was stopped with the head in an upright position, producing post-rotatory horizontal nystagmus.
The vestibular responses to the rotational velocity of 138°/s and the responses to roll while rotating were compared to those of the 16 normal subjects from our previous study that underwent the same testing . The tests in the 16 normal subjects have been described in detail . BrieXy, the Wrst set of tests was done in 1 week on four consecutive days, and after a 1 month hiatus, the subjects were retested again on four consecutive days. In contrast, the labyrinthine-defective subjects had no previous experience with this test and were tested with this paradigm only once to avoid possible habituation of the autonomic system.
Scoring of motion sickness
The level of motion sickness was reported verbally 10-30 s after a head movement, and was scaled with a simpliWed Pensacola scale from 0 to 20 Young et al. 2001) . Zero was no reaction, 10 was a moderate gastro-intestinal reaction with dizziness, and 20 was a sense of being about to vomit or of becoming too dizzy to continue. Dizziness and nausea were produced immediately in normal subjects by roll while rotating. The symptoms generally subsided to a stable level within 5-30 s, and at this level another head movement was made and the process was repeated. The test lasted from 10 min to about 1.5 h, depending on the number of head movements that could be made and how long took subjects to recover to a stable motion sickness level after executing a head movement.
Analysis of data
Eye position data were digitally diVerentiated to yield eye velocity. Quick phase eye movements (saccades) were removed, leaving slow phase eye velocity for analysis ( Fig. 2 ; gray trace). Horizontal aVOR gains and time constants were determined from the slow phase eye velocities of per-and post-rotatory nystagmus induced by rotation when subjects were upright before any roll head movements were made. The gain of the horizontal aVOR was the ratio of peak eye velocity relative to the stimulus velocity in yaw (138°/s). Because the labyrinthine-defective subjects had relatively shorter time constants that were close to the time constant of the semicircular canals (SSC) (cupula/endolymph time constant), we used a single exponential to obtain the time constant of the overall aVOR. Fig. 1 Head positions during pretesting (a) and during testing with roll while rotating (b-f). The top row shows the head position of the subject, the circular arrows shows the direction of rotation. The third trace is chair velocity, which begins with the subject stationary, i.e., at 0°/s. The chair is accelerated to 138°/s, and then stopped. It is then accelerated in the opposite direction to ¡138°/s with the subject upright (b). The subject then successively tilts his/her head to the right (c), to upright (d), to the left (e), and back to upright (f) until either reaching 50 head movements or intolerable nausea. Each head position from c to f is held until the nystagmus generated by the head movement has disappeared. g SimpliWed model of angular vestibulo-ocular reXex. SCC: semicircular canals. See text for details
Statistical analysis
The number of head movements made during roll while rotating was used as the major measure of motion sickness susceptibility. If more head movements were made before being too sick to continue, it signaled a higher resistance to motion sickness. The mean number of head movements, the aVOR gains and the time constants of the labyrinthine-defective subjects were compared with the corresponding means from each of the eight tests of the normal subjects using an unpaired student t-test, assuming unequal variance. Linear regressions were used to correlate the number of head movements with the aVOR time constants.
Theoretical basis for study of motion sickness Insight into neural processing for motion sickness in the vestibular system has come from a model of the aVOR, which simulates visual and vestibular responses related to rotation of the head or the visual surround (Raphan et al. 1979; Raphan and Cohen 2002) . A simpliWed version of this model is shown in Fig. 1g . The aVOR is organized with a direct and an indirect (velocity storage) pathway. The direct pathway (g 1 ), which essentially represents Lorente de Nó's three neuron arc (Lorente de Nó 1933), receives input from the Semicircular canals (SCC) (Fernández and Goldberg 1971; Büttner and Waespe 1981; Correia et al. 1992) , to produce the high frequency response of the aVOR. In humans, the gain of the direct pathway response (head velocity/initial eye velocity) measured in darkness is about 0.6 (Dai et al. 1999 ). The indirect pathway, which has much slower response characteristics, has been simulated by an imperfect (leaky) integrator with a characteristic rise and fall time. Because it receives velocity input from the vestibular and visual systems and discharges this stored activity over its own time course, it has been called, a "velocity storage" integrator (Cohen et al. 1977; Raphan et al. 1979) . The time constant of velocity storage, which can be estimated from this model (Dai et al. 1999) , is normally about 16 s in naïve human subjects. A critical characteristic of the velocity storage integrator is its orienting properties, which tend to align the spatial response vector of eye velocity during rotation with the velocity storage orientation vector, which is close to the gravitational vertical (Dai et al. 1991; Raphan and Sturm 1991; Raphan et al. 1992; Raphan and Cohen 2002) . Based on data obtained from experiments utilizing roll while rotating, we postulated that motion sickness susceptibility is dependent on the indirect velocity storage pathway, i.e., on the aVOR time constant and is not reliant on the direct pathway, i.e., on the gain of the aVOR Dai et al. 2003) .
Results
All ten labyrinthine-defective subjects had normal oculomotor function, including saccadic amplitudes, latencies and velocities. Their optokinetic and pursuit gains were normal; none had spontaneous, positional or gaze nystagmus. Four of the six subjects (S1-S4) with short time constants (2.8-5 s) had absent caloric responses bilaterally. The other two (S5, S6) had longer time constants (6.5 and 7 s) and small but symmetrical caloric responses (t5°/s). The three subjects (S7-S9) with absent vestibular function had no response to either steps of rotational velocity or to caloric stimuli. The single subject (S10) with a low aVOR gain (0.22) and a normal time constant (12 s) also had symmetrical caloric responses with a peak velocity of 15°/s for warm and 25°/s for cold caloric stimuli.
A typical per-rotatory vestibular response of S1 to a rotational velocity of 138°/s is shown in Fig. 2 , and is compared to the averaged per-and post-responses of the 16 normal subjects from our previous study (Fig. 2, black  line) . The labyrinths of this LD subject had been damaged by gentamycin administration. He had a normal aVOR gain (0.76), but a short aVOR time constant (2.5 s). He made 50 head movements before experiencing mild motion sickness (Score 12). He did not have Fig. 2 Comparison of the per-rotatory response of a labyrinthine-defective subject (S1) with the average responses to rotation of 16 normal subjects . All subjects were rotated at 138°/s. The desaccaded slow phase eye velocity (H VEL) of the labyrinthine-defective subject is shown by the gray trace, and is Wt by a Wrst order exponential function (dashed line). The averaged normal aVOR responses are shown by the black line (upward arrow) sweating after completing the test, as was commonly present in the normal subjects, and he recovered quickly.
The grouped results are shown in Fig. 3 and Table 2 . The labyrinthine-defective subjects made signiWcantly more head movements during their Wrst exposure to roll while rotating than the normals (39.8 § 7.2 vs 13.7 § 5.5; P < 0.0001; Fig. 3a , Wlled circles vs Wlled square, Wrst). The labyrinthine-defective subjects also had signiWcantly shorter time constants than the normal subjects at the time of their Wrst exposure (4.9 § 1.6s vs 14.4 § 3.8s; P < 0.0001). A striking Wnding of the previous study was that the 16 normal subjects were capable of making more head movements on each successive test day; concurrently their aVOR time constants became progressively shorter . The average reduction in aVOR time constant from the Wrst to the eighth day of testing in the normal subjects is shown by the black squares and upward diagonal arrow in Fig. 3a . We correlated the number of head movements made by the labyrinthine-defective subjects and the normal subjects as a function of time constant from all tests (Fig. 3a) . There was a statistically signiWcant diVerence between the number of head movements made by the labyrinthine defective subjects and by the normal subjects on all subsequent tests except the eighth (Table 2) . When all of the subjects' responses were combined, there was a linear relationship between the number of head movements and the time constants (Fig. 3a , heavy black line; r = 0.94). Thus, the number of head movements that subjects could make in both studies was tightly coupled to their aVOR time constants.
There were no changes in the aVOR gains of the normal subjects from the Wrst to the eighth test, and the gains were uncorrelated with the number of head movements made by the normal subjects during roll while rotating (Fig. 3b, upward arrow) . Similarly, there was no correlation between the aVOR gains of the labyrinthine-defective subjects with the number of head movements they made during roll while rotating. Furthermore, there was no diVerence in aVOR gain between labyrinthine defective and normal subjects (Table 2) . Thus, only the vestibular time constants, and not the aVOR gains were associated with the number of head movements that subjects could make during RWR, both in normal and in labyrinthine-defective subjects.
Three additional labyrinthine-defective subjects who had absent vestibular function (S7-S9) were tested with roll while rotating. They were completely immune to the stimulus, and did not experience turning, tumbling or the dizziness that was common in the Fig. 3 a Number of head movements made during roll while rotating as a function of aVOR time constant in labyrinthinedefective subjects (Wlled circles) and by normal subjects in eight tests (Wlled squares). The diagonal upward arrow shows the direction of change in the time constants of the normal subjects from the Wrst to the eighth test. b aVOR gains of labyrinthine-defective (circles) and normal subjects (squares). The upward arrow shows the gains from the Wrst to the eighth tests of the normal subjects Table 2 Average aVOR gains, time constants (TC) and number of head movements in the six labyrinthine-defective subjects and the 16 normal subjects
The normals were tested eight times; the test number is given next to the title in each of the "normal" columns normal or other labyrinthine-defective subjects. They were able to make 50 head movements during their Wrst exposure to roll while rotating without motion sickness symptoms, and could have made more if they were not conWned by the test limits. One additional labyrinthine-defective subject (S10) had a lower aVOR gain (0.22) but a relatively normal vestibular time constant (12 s). This subject could only make six head movements on her Wrst exposure to roll while rotating before experiencing overwhelming nausea. This was even less than the average of 13.7 head movements made by the 16 normal subjects on their Wrst exposure to roll while rotating. Thus, a low aVOR gain alone had no eVect in reducing motion sickness susceptibility in this subject.
Discussion
This study has provided further evidence that motion sickness is intimately related to velocity storage in the vestibular nuclei. It also demonstrates that there is no relation between the high frequency component of the aVOR that produces compensatory eye movement against head movement and motion sickness susceptibility. These conclusions were supported by the Wndings from three other bilateral labyrinthine-defective subjects (S7-S10). Those with no vestibular response or very short vestibular time constants (S1, S7-S9) were able to make 50 head movements on their Wrst exposure to roll while rotating, whereas the subject with a reduced aVOR gain but a normal time constant (S10) became motion sick after only six head movements. The normal subjects in our previous study were tested on eight separate occasions ).
There was a progressive increase in the number of head movements they could make as the aVOR time constant decreased, and the two sets of data could be combined into a single linear relationship characterizing aVOR time constants and motion sickness susceptibility. This supports the hypothesis that motion sickness is generated though activation of velocity storage.
In our previous study of motion sickness susceptibility , repetitive head movements that reduced the aVOR time constant evoked nausea and activated the autonomic system were the driving stimulus that produced the reduction in the vestibular time constant. The habituation of the time constant was most probably mediated through the nodulus and uvula ) since electrical stimulation of the nodulus shortens the vestibular time constant (Solomon and Cohen 1994; Sheliga et al. 1999) , and nodulus/uvula lesions cause a loss of habituation of the time constant (Singleton 1967; Cohen et al. 1992) . Furthermore, there is no motion sickness after the nodulus and uvula have been ablated (Bard 1945; Wang and Chinn 1956) , showing that these portions of the vestibulo-cerebellum participate in producing the motion sickness state.
High frequency aVOR contributions to motion sickness susceptibility
The conclusion that activation of the high frequency aVOR does not contribute to motion sickness is at variance with earlier studies, in which motion sickness susceptible subjects were reported to have higher than normal aVOR gains in response to angular accelerations of 90°/s 2 (Bos et al. 2002) and to rotation in a low frequency range (<0.08 Hz) (Gordon et al. 1996) . At these accelerations and frequencies both the fast (direct) and indirect (velocity storage) pathways would be activated and would contribute to the induced eye velocity and the measured "aVOR gain". When subjects were rotated with a higher acceleration (200°/s 2 ) in this and a previous study , there was no relation between the high frequency aVOR gain and motion sickness susceptibility. Consistent with this, Nachum et al (2002) did not Wnd a diVerence between the aVOR gain of motion sickness susceptible and nonsusceptible subjects at higher frequencies of stimulation (2-5 Hz), and Lee et al. (2004) also concluded that the aVOR gain is not a parameter that can be used as a measure of adaptation to motion sickness.
Moreover, motion sickness can be induced by visual stimuli that activate velocity storage in the vestibular nuclei (Dichgans et al. 1973; Cohen et al. 1977; Raphan et al. 1979) , without involvement of the direct vestibular pathway, although visually induced motion sickness susceptibility is reduced in labyrinthine defective subjects (Cheung et al. 1991; Johnson et al. 1999) . Consistent with this, Bouyer and Watt (1996) found that motion sickness induced by torso rotation could be adapted in 3-4 days, but the gain of aVOR was unaVected. Additionally, oV vertical axis rotation (OVAR) is a potent motion sickness stimulus in the steady state when all canal input and response has ceased. In this steady state condition, the OVAR nystagmus is driven by sequential activation of the otolith organs and the bias eye velocity is mediated through velocity storage (Raphan and Cohen 1981; Schnabolk 1989; Fanelli et al. 1990 ). Each of these examples is compatible with the conclusion that motion sickness is generated through velocity storage, and not through the high frequency direct aVOR pathway.
Possible mechanisms for reduction of motion sickness susceptibility due to changes in aVOR time constants When this and our previous studies are compared, there was no stimulus similar for habituation in the present study that could have provided a reduction in the vestibular time constant. It is more likely that there was a reduction in some aspect of the aVerent input in the labyrinthine-defective subjects. It can be argued that since peripheral lesions decrease both the aVOR gain and time constant (Fetter and Zee 1988; Hain and Buettner 1990; Wade et al. 1999) , the reason that labyrinthine-defective subjects are less prone to motion sickness is that fewer impulses are generated by the partially damaged peripheral vestibular end organs. The fact that the high frequency gains return to normal levels in the labyrinthine-defective subjects is not uncommon after bilateral labyrinthine lesions (Baloh et al. 1984; Black et al. 2001; Galiana et al. 2001; Palla and Straumann 2004; Newlands et al. 2005 ) and may be accomplished either centrally or peripherally (Palla and Straumann 2004) .
Maintenance and restoration of the velocity storage mechanism after lesions appears to be more complex than restoration of the direct pathway. Velocity storage is not only lost in response to angular acceleration after bilateral labyrinthine lesions, but also cannot be activated by optokinetic stimulation Uemura and Cohen 1973) . Similarly, Fetter and Zee (1988) have shown that although the gain of the aVOR can be reestablished after unilateral labyrinthectomy, the aVOR time constants remain short permanently. This has led to experiments to determine if velocity storage is mediated through a feedback pathway from the peripheral labyrinth, but no single cell activity has been recorded that could demonstrate this (Goldberg and Fernandez 1971; Büttner and Waespe 1981l; Lisberger et al. 1981; Dickman and Correia 1989) .
A mechanism that controls coupling of peripheral aVerent input to the neurons responsible for production of velocity storage, however, could result in a decreased velocity storage time constant. Our original model of the aVOR (Raphan et al. 1979 ) predicted that there is a coupling gain that connects aVerent activity to the velocity storage integrator, which has been estimated to be t0.13 § 0.005 in normal humans (Dai et al. 1999) . Such an input has been demonstrated anatomically (Holstein et al. 1992 (Holstein et al. , 1999 ; presynaptic terminals, presumably originating from neurons in the Xocculus, end on labyrinthine aVerents to central vestibular neurons in the rostral medial vestibular nucleus, which appear to be involved in the production of velocity storage (Holstein et al. 1992; Reisine and Raphan 1992; Yokota et al. 1992) . In monkeys and humans, this coupling gain is responsive to the administration of baclofen, a GABA B agonist, and increased baclofen blood levels are associated with a reduction in the aVOR time constant (Cohen et al. 1987; Dai et al. 2005 ). In our previous study , the mean coupling gain of the 16 subjects was originally 0.12 § 0.004 on the Wrst test and this gain fell to 0.09 § 0.004 on the eighth test, associated with a progressive fall in the vestibular time constant. If such coupling were disrupted after labyrinthine lesions, it could cause transient or permanent reduction in the aVerent input to velocity storage. ModiWcation of activity in such aVerent terminals could also mediate some of the habituation of the aVOR time constant produced by the nodulus. Unfortunately, it was not possible to use a model-based technique to determine the coupling gain of aVerent activity to velocity storage in this study. The aVOR time constants of the labyrinthine defective subjects were too short to use a two time constant approximation of the vestibular response (Dai et al. 1999) in order to get an accurate estimate of the coupling gain to velocity storage in the labyrinthine-defective subjects.
While there was a close relationship between motion sickness susceptibility and the velocity storage horizontal time constant in the normal and labyrinthine defective subjects, regardless of how this reduction in time constant was produced, this may be part of a more global mechanism related to spatial orientation of velocity storage. Horizontal time constants, for example, increase to 60-70 s after lesions or ablations of the nodulus and uvula (Waespe et al. 1985; Hain et al. 1988; Wearne et al. 1998 ), yet nodulo-uvular lesions causes dogs to be immune to motion sickness (Bard 1945; Wang and Chinn 1956) . The question then arises: What distinguishes subjects with nodulo-uvular lesions and long time constants but no motion sickness susceptibility from the normal individuals with long time constants who are highly susceptible to motion sickness?
The answer is likely to lie in the diVerence in the orientation properties of velocity storage in the two conditions. We have postulated that motion sickness is triggered by a disparity between the eye velocity vector generated through velocity storage in response to an angular stimulus and the yaw axis orientation vector associated with velocity storage, which in normal subjects is closely aligned with the spatial or gravitational vertical Dai et al. 2003) . Any disparity in orientation is presumably accumulated in an integrator in the autonomic system, and as more disparity is produced by each head movement, there is an incremental increase in motion sickness. A reduced velocity storage time constant would constrain this buildup and allow for an increased number of head movements before reaching an intolerable nauseogenic state. According to this theory, the linear relationship between the time course of velocity storage and motion sickness susceptibility was due to a reduction in the duration of the disparity between the eye velocity and the yaw axis orientation vector. This provides a common neural basis for the reduction in motion sickness susceptibility in the subjects of our previous study, in which reduced motion sickness susceptibility was due to habituation of the velocity storage time constant, and for subjects in the present study who had reduced time constants and motion sickness susceptibility due to peripheral lesions.
The reason why subjects with lesions of the nodulus and uvula do not experience motion sickness despite their long horizontal time constants is most probably because they have lost the ability to orient eye velocity toward the spatial (gravitational) vertical. After nodulo-uvular ablations (Wearne et al. 1998) or lesions (Hain et al. 1988) , there is no longer cross-coupling of eye velocity from horizontal to vertical when the head is tilted, and vertical time constants, which are short in the upright position and become long when side down (Matsuo and Cohen 1984; Waespe et al. 1985; Raphan and Cohen 1988; Dai et al. 1991) , remain very short, regardless of head orientation following nodulo-uvulectomy. This would cause the yaw axis orientation vector of the velocity storage integrator to remain along the head yaw axis, regardless of head position relative to gravity (Wearne et al. 1998) . Thus, the eye velocity generated by velocity storage in the cerebellar patients will always be aligned with the velocity storage yaw axis orientation vector, which is now permanently along the head yaw axis. Since the orientation discrepancy is zero, there should be no motion sickness. The eVects of time constant reduction on motion sickness susceptibility, as in this study, are only apparent when there is orientation discrepancy.
There are still unanswered questions with regard to vestibular input to motion sickness. It has not been possible to predict the level of motion sickness susceptibility in particular subjects from the absolute value of the VOR time constant since two subjects with the same time constant may have diVerent levels of susceptibility (Shupak et al. 1990; Gordon et al. 1996; Bos et al. 2002; HoVer et al. 2003) . However, this and our previous study show that whatever the level of susceptibility in a single individual, reduction in their time constant reduces their motion sickness sensitivity. We also do not have much information about the pathways or characteristics of the mechanisms in the autonomic system that are producing the motion sickness (Yates 1992) . Intersubject variability in the autonomic system is undoubtedly responsible for some of the variability between subjects. Furthermore, we do not know whether the axis of eye rotation may normally deviate from the axis of rotation in susceptible subjects, nor do we know how the vertical time constants of such subjects are altered with the head in diVerent positions relative to gravity. Such studies, however, are beyond the scope of the present work.
In summary, this study shows that regardless, of whether the mechanism of reduction in the aVOR time constant was related to repetitive training with roll while rotating or occurred after bilateral labyrinthine lesions, the end result was the same: subjects could make more head movements during roll while rotating when their vestibular time constants were short. This provides further evidence that the velocity storage system has an intimate connection with the production of motion sickness. This is consistent with our general theory that motion sickness susceptibility is dependent on orientation discrepancies sensed through velocity storage, and that shorter horizontal time constants reduce this discrepancy.
